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Abstract 
 
Thermoplastics are an attractive alternative to metals and thermosets due to its superior 
weight to strength ratio, damping capacity and corrosion resistance. Reactive processing of 
Nylon 6 through ring opening polymerisation of caprolactam has a large variety of potential 
applications in the automotive, aerospace and energy industries. It’s low viscosity allows for 
the impregnation of fibre reinforcement and design flexibility. The low processing 
temperature and pressures also lead to more economical manufacturing.  
 
There are a number of manufacturing techniques that harvest the advantages of reactive 
processing, this includes reaction injection moulding (RIM) and vacuum assisted resin 
transfer moulding (VARTM). These manufacturing techniques were investigated through 
laboratory experiments and mechanical testing. From the laboratory experiments detailed 
methodologies were developed. The aim was to create a robust method that was able produce 
a large number of samples with varying parameters. 
 
A variation of   RIM called positive pressure transfer moulding (PPRTM) was found to be the 
most reliable manufacturing technique. The system was able to successfully produce plain 
and carbon fibre reinforced nylon 6. A number of mechanical tests were conducted on the 
samples to validate the quality of the product, these include tensile tests, 3 point and 4 point 
bending tests. It was concluded that the mechanical properties heavily rely on the degree of 
monomer conversion. 
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1. Introduction 
1.1 Motivation 
Thermoplastics more recyclable, weldable and tough compared to their thermoset 
counterparts and have significant advantages compared to metals. They have the potential  to 
replace a wide range of metal components in the automotive and aerospace industry. In 
comparison to equivalent metals they are superior in weight reduction, corrosion and 
chemical resistance, design flexibility and damping capacity. This can be achieved through 
reactive processing.  
 
Reactive processing overcomes many of the challenges associated with traditional melt 
processing. The high viscosity of resins and curing times limits the components size and 
complexity. The production capabilities are also limited due to the need for equipment such as 
compression moulds and autoclaves. However, the thermoplastics produced through reactive 
processing have low viscosities, short curing times and relatively low curing and processing 
temperatures. The low processing temperatures and pressures lead to more economical 
manufacturing. 
 
The potential capabilities of thermoplastics increase with fibre reinforcements. In order to 
produce high quality reinforced thermoplastics there must be strong adhesion between the 
fibres and matrix. The impregnation of fibres to create this strong adhesion can be challenge 
for highly vicious resins while low viscosity resin  would be able to impregnate fibres over a 
large area.  
 
Ring open polymerisation of caprolactam to produce nylon 6 has the potential to harvest the 
advantages associated with reactive processing and being a thermoplastic. This can be 
completed through novel manufacturing techniques such as reactive resin transfer moulding 
(RRTM). However, the process contains a large number of variables and complexities that 
influence product quality. These variables still need to be investigated to find the optimal 
processing parameters. 
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1.2 Objectives 
The overall aim of the project is to manufacture Nylon 6 (PA-6) through ring opening 
polymerisation of caprolactam through novel manufacturing techniques. Hence, a set of 
objectives were devised, however, they have been adjusted since the initial conception due to 
various technical and administrative challenges. The previous objectives included:  
• The differences in mechanical properties between PA-6 and Nyrim. 
• Compare RIM and VARTM and determine which technique is superior depending on 
the application. 
• To identify the upper limit of the fibre volume fraction and its mechanical properties 
and hence the current limit of PA-6. 
 
Firstly, the updated objectives removed the investigations involving Nyrim as it was not 
available for experimentation. Secondly, there was an increased focus on the manufacturing 
methods to develop more detailed methodology that can robustly reproduce samples with and 
without fibre reinforcement via in situ polymerisation. The samples will then be verified 
through a number of different mechanical testing methods including; tensile tests, three point 
bending tests, density measurements and optical microscopy. Three different manufacturing 
techniques will be investigated, reaction injection moulding (RIM), vacuum assisted resin 
transfer moulding (VARTM) and positive pressure resin transfer moulding (PPRTM). 
 
Furthermore, once the samples have been produced the objective will be to analysis the 
different manufacturing parameters, including the fibre volume fraction, and its effect on the 
mechanical properties.  
1.3 Scope 
In order to successfully investigate the objectives the following items were considered in 
scope:  
• Development of laboratory scale manufacturing processes with the use of  
commercially available materials 
o Resin injection moulding (RIM) 
o Vacuum assisted resin transfer moulding (VARTM) 
o Positive pressure resin transfer moulding (PPRTM) 
• Creating standard operating procedures for the manufacturing processes 
• Undertake laboratory experimentations for unreinforced and reinforced PA-6 
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• Material and mechanical testing 
o Tensile tests 
o 3 point and 4 point bending tests 
o Optical microscopy 
o Density measurements 
Whereas the following are out of scope: 
• Kinetics of the reaction such as the effects of temperature to the polymerisation 
process. 
• Different initiator and activator ratios.  
• In depth analysis of monomer conversions such as polymerisation and crystallisation 
percentages. 
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2 Literature Review 
2.1 Thermoplastics and Thermosets 
Thermoplastics are an attractive alternative for many components due to their mechanical 
properties, resistance to abrasion and chemicals and availability, especially in the automotive, 
aerospace and energy industries.  In the automotive industry thermoplastics can replace 
components such as car bodies and casings to provide lightweight alternatives compared to 
the traditional metals (Fan & Njuguna, 2016) 
The classification between thermoplastics and thermosets lies within their chemical structure. 
The monomer chains within a thermoplastic are considered amorphous/semi-amorphous 
whereas the polymer chains in thermosets are crosslinked. Figure 2-1is a representation of the 
monomer chains.   
 
 
There are many advantages associated with 
thermosets, including their use in high 
temperatures, good fatigue behaviour and slowness 
of damage propagation and chemical resistances. 
While their disadvantages include its infusibility 
(cannot be welded), shrinkage, low curing times 
and brittleness (Biron, 2013 and Matthew & 
Rawlings, 2008).  
 
 
 
 
Table 2-1: Typical ranges for properties of thermosets and thermoplastics (Matthews & Rawlings, 2008) 
Property Thermoset Thermoplastic 
Young’s modulus (GPa) 1.3 - 6.0 1.0 - 4.8 
Tensile Strength (MPa) 20 - 180 40 - 190 
Fracture Toughness (MPa m1/2) 0.5 - 1.0  1.5 - 6.0 
Max. service temp. (oC) 50 - 450 25 - 230 
 
From  
 
 
Figure 2-1: Schematic of polymer chains. (a) 
thermoplastics, branched chains. (b) thermosets, 
cross linked (Mallick, 2008) 
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Table 2-1 extracted from Matthews & Rawlings 2008 the typical properties of thermosets and 
thermoplastics can be seen, the major differentiating factor being the fracture toughness. The 
crosslinking in the thermoset chains drive the brittle behaviour, the lack of crosslink in 
thermoplastics lead to an inherently tougher material.   
 
By using thermoplastics the disadvantages associated with thermosets can be controlled. 
Table 2-2 summarises some general properties of thermoplastics which make them an 
attractive alternative. 
Table 2-2: General properties of thermoplastics 
Feature Description 
Cost Cost of manufacturing thermoplastics has a relatively low capital 
and are cost efficient for low volume components. 
Fatigue Many types of thermoplastics are fatigue resistance and have a 
high fatigue endurance limit. 
Corrosion and abrasive 
resistance 
They are corrosion resistant to most chemicals and environments. 
They are abrasive resistant and can hold their shape well. 
Recyclable Unlike their thermoset counterparts thermoplastics can be melted, 
reused and reshaped.  
Damping capacity They have a high damping capacity and noise reduction traits 
High impact resistance  Tougher and less brittle than thermosets  
Weldable Thermoplastic parts can be infused together to create greater 
assemblies. 
 
There are numerous types of thermoplastics, however this thesis topic will focus on the 
reactive processing of Nylon 6 (PA-6) through ring opening polymerisation of caprolactam.  
2.2 Polyamide 6 
Polyamide 6 (PA-6) as referred to as nylon 6 can be created through reactive processing. 
Compared to melt processing, the resin created through reactive processing has a lower 
viscosity and processing temperature as shown in Figure 2-2.  Traditionally, thermoplastic 
created via melt processing requires the use of hot presses or autoclaves,  limiting the size and 
geometry of the part (Rudd 1997). 
The reactive processing of Nylon 6 can be completed through anionic ring opening 
polymerisation (AROP) of its monomer, ε-caprolactam (CL) with the presence an initiator  
and activator.     
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Figure 2-2: Viscosity and processing temperature graph 
 
The stages to anionic polymerisation of PA-6 have been well documented by van Rijswijk, 
Harkin-Jones and Crawford, and Khodabakhshi along with others in academia . The 
polymerisation process begins with the dissociation of the initiator to form a lactam anion. 
Next the lactam anion engages with the activator and exchanges anions by attacking its 
nitrogen atom, this causes the caprolactam (CL) ring to open.  The anion then attacks a 
monomer, exchanging its hydrogen atom with the nitrogen anion in order to reach 
equilibrium. Eventually  propagating itself until the monomers are consumed. Figure 2-3 is a 
diagram of the polymerisation process at a molecular level. This process can occur during 
manufacture, often inside the mould part, this is referred to as in-situ polymerisation. 
Typically, PA-6  will have a higher molecular weight compared to the classic method; which 
contributes to its mechanical properties.  
 
It is well known that the polymerisation and crystallisation process are inversely affected by 
temperature, as polymerisation increases, crystallisation will decrease. This is because the 
polymerisation and crystallisation temperature of CL ranges from 130 – 180 °C and 90 – 185 
°C respectively and thus overlapping (Charron, 2011). Khodabakhshi et al. (2011) had noted 
that as the temperature increased from 140 – 180 °C so did the monomer conversion. 
However, it began to decrease between 180 -200 °C. The ratio between polymerisation and 
crystallisation are a large factor when it comes to the mechanical properties, if the 
crystallisation process is too fast than the monomers are trapped within the crystals and the 
reactive chain ends and hence will have a lower flexural modulus. The AROP process is 
exothermic this results in an autocatalytic effect. The polymerisation rate is heavily dependent 
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on temperature, as the temperature increases with the exothermic reaction it will increase the 
polymerisation rate. This is a crucial consideration for manufacturing because the 
polymerisation rate can affect the mechanical properties and characteristics. 
 
Figure 2-3:  Polymerisation process of caprolactam (a) with C10 initiator (b) and C20 activator (c). 
 
It also must be noted that a major complication with AROP is the systems sensitivity to 
moisture and oxygen. Exposure to it will cause the intermolecular forces to weaken as the 
hydrogen bonds from the water will try and replace the hydrogen bonds in the PA-6 
(Harkin0Jones & Crawford, 1996)  and cause a non-reaction. Hence, during the preparation of 
caprolactam/initiator and caprolactam/activator it must be in a protected environment, often 
utilising inert gases.  Additionally, CL is in its solid state at room temperature, it has a 
melting point of 69 °C. During the manufacturing processes the mixtures must be heated and 
then combined. 
2.2.1 Initiators and Activators 
 
Without an initiator or activator reactive processing can still occur, however temperatures 
above 250 °C would be required and it would polymerise at a slower reaction rate [13]. For 
this project Brüggemann Chemical from Germany has supplied the CL, initiators and 
activators. The initiators of interest are C10 (sodium caprolactamate (NaCL) - 1 mol/kg 
concentration in CL) and C1 (caprolactam magnesium bromide (MgBrCL) – 1.4 mol/kg 
concentration in CL). The activator used is C20P (hexamethylene-1,6-
dicarbamoylcaprolactam (HDCL) – 2.0 mol/kg concentration in CL). The molecular 
structures of CL, C1 and C20P is displayed in Figure 2-4. 
8 
 
 
Figure 2-4: Diagram of molecular structures of Caprolactam (CL), C1 and C20P 
 
The combination of initiator and activator is crucial to the manufacturing process as it 
determines the curing time. Rijswijk (2006) and Barhoumi et al. (2013) have researched 
C10/C20P and C1/C20P combinations, Table 2-3 contains the curing times found. For 
vacuum infusions  C1/C20P was chosen due the longer initiation time and hence allowing the 
mould to be filled before it begins curing. For injection moulding short cycle processing 
C10/C20P would be able to produce PA-6 in a few minutes, and thus would be more efficient 
for a production. However, the size of the component and fibre volume fraction also needs to 
be considered. 
Table 2-3: Initiator/activator curing time comparison 
Initiator/activator Van Rijswijk - Curing time 
at 150°C  with equal ratios 
Barhoumi – Curing time at 
160°C with equal ratios 
C10/C20 3 – 5 minutes 3 – 7 minutes 
C1/C20 18 – 25 minutes 10 – 20 minutes 
 
It is also important to note from the material data sheets the shelf life of the initiators and 
activators are at least 6 months. Whereas CL has a shelf life of 12 months, long and/or 
incorrect storage conditions can lead to the deactivation of the chemicals.   
2.2.2 Nyrim 
 
Nyrim has been developed from PA-6 with an added elastomer component, hence many of its 
characteristics are similar to PA-6. According to Brueggemann chemical (2016) Nyrim has a 
high shape stability from -40 to 140 C and high impact resistance. Table 2-4 consist of data 
mainly extrapolated from a leaflet provided by the supplier, Brueggeman Chemical.   
Table 2-4: Nyrim and PA-6 properties summary 
 PA-6 Nyrim 1000 Nyrim 2000 Nyrim 4000 
Melting Point (°C) 220 - 230    
Polymerisation Temperature (°C) 130 -180 ~140   
% Caprolactam 97 %  70%  
Impact resistance at 23 °C (kJ/m^2) 4 10 30 No fracture 
Tensile Strength (MPa) 80 58 47 26 
Elongation at fracture (%) 6 40 270 420 
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To produce Nyrim a similar method to PA-6 is used, caprolactam is mixed with an initiator 
and activator.  Within the activator contains the elastomeric component, where the grade of 
Nyrim is dependent on the dosage used. Unlike PA-6 the properties and manufacturing of 
Nyrim has not been well researched and documented.  Harkin-Jones and Crawford [9] 
investigated the effects of different mould temperatures of rotationally moulded Nyrim. From 
their research Harkin-Jones & Crawford (1996) were able to conclude that as the initial mould 
temperature increased the degree of crystallinity decreased, this relationship is similar to PA-
6’s as outlined in van Rijswijk’s (2007) and Khodabakhshi et al. (2010). 
 
2.3 Manufacturing Techniques 
 
According to Rudd (1997) common criteria for liquid moulding include: 
• Low viscosity resins and curing times long enough to complete impregnation of fibres 
and mould fill. 
• Suitable curing characteristics and cycle times. 
• Sufficient mechanical properties to meet design requirements.  
Based on the requirements of liquid moulding, reactive processing of nylon 6 is a suitable 
candidate. Resin transfer moulding (RTM) and reaction injection moulding (RIM), sub sets of 
liquid moulding, will be focused on in this project.  Rudd has also identified the efficiencies 
associated with various liquid moulding techniques and their production volumes as displayed 
in Figure 2-5. Resin transfer moulding (RTM) can be seen to be more economical than 
compression moulding for lower production volumes and more efficient than hand laminating 
for larger production volumes.  RTM is also more advantageous as the component size is not 
restricted by the compression mould and has greater design flexibility. RTM can occur by 
extracting the air from a mould this is known vacuum assisted resin transfer moulding 
(VARTM).   
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Figure 2-5: Unit cost index for various liquid mould techniques (Rudd, 1997) 
 
In RTM the reactive process occurs in-situ; when the monomers undergo AROP during the 
manufacturing process. Short curing times ranging from 3 – 30 minutes, depending on the 
combination of chemicals can be achieved. Compared to melt processing or classic hydrolytic 
polymerisation which can take between 12 – 24 hours (Brouwer et al., 2003) . RTM also 
produces ‘a unique polymer morphology’ (Barhoumi et al., 2013) with a high degree of 
crystallinity up to 47%  and high molecular weight. This has resulted in superior mechanical 
properties compared to PA-6 produced via classic hydrolytic polymerisation; this is partially 
due to the reduced internal stresses.  
  
Furthermore, as van Rijswijk & Bersee (2007) explained PA-6 has a melting temperature of 
~230, yet to produce reinforced PA-6 via the classical melt processing it is necessary to melt 
it in excess of 260° C to obtain a low enough viscosity to impregnate the fibres.  Whereas 
during RTM the resin will polymerise with the fibres and fibre volume fractions of up to 60% 
have been achieved (van Rijswijk et al., 2009). Thus, RTM can be more advantageous in 
manufacturing. 
2.3.1 Vacuum Assisted Resin Transfer Moulding 
 
Traditionally,  vacuum infusion systems have been used with thermoset resins and have been 
well developed and researched. As Rijswijk (2006) explained a 1 to 1 substitution with 
thermoset infusion systems is not feasible.  VARTM system for PA-6 has been investigated 
by Rijswijk (2006), Teuwen (2011) and Charron (2011) (the latter two based their work off 
Rijswik’s system). Firstly, it was of paramount importance that all equipment used in 
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compatible with the reactive process and does not inhibit the polymerisation. The operating 
temperatures of materials were also considered as the experiment must take place above the 
melting temperature of CL (Tm
 = 69 oC) and cures at above 130 oC. The process must also be 
completed under an inert atmosphere preserve the reactive mixture. Rijswik’s system was 
completed with C10 and C20 combination.  Charron  (2011) had utilised a double step 
strategy. The infusion was complete at 110 – 130 oC while the curing occurred at 180 oC. This 
yielded the highest interlaminar shear strength.  Through Teuwen’s (2011) investigation it 
was noted that the content of voids increased further away from the inlet. 
2.3.2 Reaction Injection Moulding 
 
Reaction injection moulding (RIM) are commonly used with thermoset resins and 
polyutherane. RIM contains three main steps, the impingement mixing, moulding filling 
(injection) and curing (Kresta, 1982).   There are a wide range of injection moulding systems 
used commercially and typically the injection step can be completed via increased pressure 
[5] or with a screw plunger mechanism (Rudd, 1997). The flow pattern is an important 
consideration when injection moulding. This can also affect the fibre orientation, especially 
for short fibre composites, the preferred orientation is parallel with the flow (Matthews & 
Rawlings, 1999)  
An advantage of a RIM for PA-6 system is its low viscosity, this would only require low 
pressure piping, valves and pumping systems  for more economical manufacturing (Hedrick 
et al., 1985) 
 
2.4 Fibre Reinforcement 
Fibre reinforcements are used to increase the mechanical properties of thermoplastics and 
thermosets. There are a wide range of commercially available fibres with different 
characteristics.  These include carbon, glass and aramid fibres with different the strand 
orientations. The strand orientations are crucial to the mechanical properties. Due to the fibre 
direction composites are often considered anisotropic. Hence, there can be difficulties 
designing for the directional properties and in manufacturing. Additional considerations are 
needed when designing moulds and manufacturing processes with fibre reinforcement. Van 
Rijswijk et al. (2009) found an in increase in mould temperature was required with fibres and 
the exothermic peak occurred earlier than without fibres. The mould configuration also needs 
to be considered to accommodate different fibre volume fractions.     
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2.4.1 Sizing 
 
The degree of adhesion between the matrix and fibres heavily affects the mechanical 
properties of a composite. As the fibre reinforcement is the principle load bearing component 
the matrix must be able to transfer the load via the interface. However, it is difficult to have 
direct interfacial bonds between the fibre and resin. The majority of commercially available 
fibres have surface treatments in the form of chemical sizing or oxidation to promote 
adhesion, Rudy 1997. Sizing also protects the fibres from physical damage and makes them 
easier to handle. The compatibility of the chemical sizing and the reactive process has not 
been fully investigated. According to Rijswijk glass fibres that contain amino silane based 
chemicals are compatible with the reactive process.  
  
Allred et al (n.d) have studied the surface characterisation of Toray M40J carbon fibres and 
concluded that the sizing can be removed by boiling the fibres in chloroform or acetone. 
Dencheva et al. (2014)  had also reported that silicone based coats can be removed with 
acetone for at least 30 minutes and dried.  
2.5 Conditioning 
Nylon 6 is consider highly hygroscopic and hence time and moisture exposure can affect the 
mechanical properties. According to Jia et al. (2004)  water behaves like a plasticiser, 
affecting the strength, stiffness and ductility. Garbarski and Fabijanski  (2015) have also 
reported that water absorption has strong effect on mechanical properties. Drier samples were 
more brittle with low impact strength but higher tensile strengths. Higher water content 
increased toughness and flexibility but decreased tensile strength. It can take a significant 
amount of time for the moisture content to reach equilibrium. The hygroscopic nature of 
nylon 6 should be considered when designing as the mechanical properties can change over 
time. 
2.6 Test Methods 
In order to compare the properties of the various samples a number of test and analysis will be 
performed. To ensure that the results can be compared to existing research and methods the 
test procedures and parameters will be derived from accredited standards where applicable.  
Table 2-5 outlines the test and its criteria.  
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Table 2-5: Brief description of test methods to be used 
Test Description 
Tensile Test ASTM D638-14 outlines the parameters for tensile testing configuration 
Type IV will be used. The dimensions can be found in Appendix 8.1 
where the thickness can be up to 7mm. A minimum of 5 samples will be 
tested for each material to be considered conclusive. The equipment used 
has been provided by the University.  
Impact resistance ASTM D6110-10 will be used to determine the dimensions of the 
specimen. This test will be carried out on a 45° notched sample using a 
pendulum impact machine, this method is commonly known as the 
Charpy impact resistance test. Refer to Appendix 8.2 for the dimensions 
given by the standard.  
Microscopy This will be used to examine the void fraction and fibre volume fraction 
of the specimens.  
Short Beam 
Strength 
ASTM D2344 is completed under 3 point bending with length to 
thickness ratio, 6:1 and width to thickness ratio, 2:1. Rate of 1mm/min is 
to be applied.  The calculation for short beam strength: 𝐹𝑠𝑏𝑠 = 0.75 ∗
𝑃𝑚
𝑏ℎ
 
Flexural 
Properties  
ASTM D7264 outlines the parameters for testing such as the thickness to 
length ratio, 32:1 and thickness to width ratio 4:13. Procedure II, 4 point 
bending will be used and calculations will follow the standard. Rate of 
1mm/min is to be applied. Maximum flexural stress can be found using 
the following equation: 𝜎 =
3𝑃𝐿
4𝑏ℎ2
 
FTIR Is used to identify chemicals changes and hence the ring opening 
polymerisation.  A sample of caprolactam be used as the control.  
Density 
measurements 
Measurements will be carried out according ASTM C380. A standard 
operation procedure has been created by UQ Composites, this can be 
found in Appendix 8.3. The density measurement also include liquid 
absorption to find the bulk, skeletal and porosity content. 
2.6.1 FTIR 
 
Fourier-Transform Infrared Spectroscopy (FTIR) can be used to identify chemicals changes 
and hence the ring opening polymerisation. Different wave lengths correspond to a particular 
molecular structure. According to Humphry (2017) ring opening polymerisation of 
caprolactam can be seen with the loss of 3200 cm-1 band or the formation of 1543 cm-1 peak. 
Analysis of the 1201 to 1170 cm-1 band ratio can also be used to quantify the degree of 
crystallinity.  
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3 Laboratory Experiments and Processes 
 
As part of the research there have been three reactive processing techniques focused on. 
These include reaction injection moulding (RIM), vacuum assisted resin transfer moulding 
(VARTM) and finally, positive pressure resin transfer moulding (PPRTM), a variation of 
RIM using positive pressure to inject the mixture into the mould.  For each technique 
extensive trials and process improvements were implemented with each trial. Throughout the 
experiments the sensitivity of the system became apparent and numerous problems arose. 
 
The reactive mixture used throughout the experiments all contained the same composition, in 
total weight 92.5% ε-caprolactam, 4.5% initiator C1 (MgBrCL) and 3 % activator C20P 
(HDCL). From DSC testing the hypothetical curing time for this ratio of initiator/activator  
was 40 minutes. The carbon fibres used throughout the experiments were woven Toray T300, 
which contains sizing. The glass fibres used were plain weave fabric with a chromium 
complex sizing from Swiss Composite (Article number 190-2115). The fibres must be desized 
before use to the sizing being incompatible with  the reactive process. 
 
The majority of the experiments an aluminium (Al) mould has been used, the mould cavity 
had dimensions of 180 mm x 100 mm x 5.5mm and hence was the typical sample size. From  
Figure 3-1 the entire mould setup can be seen and consists of nine pieces. The bottom 
aluminium piece (see Figure 3-2) contains the sample cavity, inlet and outlet passages and 
excess reservoirs (runners). The top aluminium is used to close the mould with a silicone 
gasket. Two steel plates are then used to clamp the top and bottom aluminium pieces together 
with four bolts.  
 
Figure 3-1: Complete mould setup 
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Before each trial the top and bottom pieces are cleaned with acetone and then mould release is 
applied at least five times before being dried in the oven at 120 oC for at least 10 minutes.  
The mould release used was Loctite 710-NC Frekote by Henkel (see Figure 3-3) and had been 
tested by Wolter (2017) to verify its compatibility with the reaction process. It was found that 
the Frekote did not inhibit the overall reaction of the sample and enhanced the surface finish. 
However, there was a slight reduction of monomer conversion where the sample had the most 
contact with the mould release.   
 
Numerous experiments were conducted over the course of this project with varying 
parameters and condition. Table 3-1 outlines the manufacturing technique and a distinct 
feature of each experiment along with an identification code that with will be referred to 
throughout this  document 
Table 3-1: List of experiments 
ID code Manufacturing 
technique 
Description 
V1 VARTM Open mould, 6 layers glass fibre 
V2 VARTM Open mould, 18 layers desized glass fibres 
V3 VARTM Closed mould, no fibres 
V4 VARTM Open mould, 18 layers desized glass fibres  
V5 VARTM Flat mould, 6 layers desized glass fibres 
V6 VARTM Open mould, 8 layers desized carbon fibres 
P1 PPRTM 6 layers desized carbon fibres 
P2 PPRTM 18 layers desized carbon fibres 
P3 PPRTM 6 layers desized glass fibres 
P4 PPRTM 18 layers desized glass fibres 
 
  
 
Figure 3-2: Bottom aluminium piece 
 
Figure 3-3: Mould release (Frekote) and aluminium mould 
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3.1 Reaction Injection Moulding via Syringe Pump System 
 
The reaction injection moulding (RIM) was completed using a syringe pump system that was 
designed to accommodate for small-scale laboratory samples.  Table 3-2 outlines the process  
and equipment for the syringe pump system.  
Table 3-2: Outline of syringe pump system 
Equipment 
• Glass jar containing CL and C1 
• Glass jar containing CL and C20P 
• Aluminium mould (1) 
• 2 glass syringes (2) 
• Pump mechanism (3) 
• Mixing head with quick connects (4) 
• Piping with quick connects (5) 
• Temperature regulator (6)  
• Heat gun 
 
Method 
1. The system (syringes, mould, piping, mixing head) is purged with an inert gas. 
2. Initiator/caprolactam and activator/caprolactam mixtures in their molten state are 
drawn into each of the syringes. 
3. The piping is then connected to the mixing head which is connected to the mould. 
4. The pumping mechanism is than engaged and the mixtures flow through the pipes 
into the mixing head and finally into the mould. 
5. The mould is then placed into the oven at 160 °C to cure.  
 
There have been a number of complications with the syringe pump system that became 
evident with testing. The current system does not cause a reaction, a number of investigations 
have been conducted to isolate the cause. Possible issues were identified and tests were 
carried out, Table 3-3 summarises the findings. From the investigations conclusive results 
have not been found as to why the system is not able to successfully produce PA-6.  
 
1 
2 
3 
4 
5 6 
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Table 3-3: Investigation for the syringe pump system 
Possible Issue Outline of test Result 
Caprolactam is reacting 
with the aluminium mould 
The reactive mixture was 
poured into a glass jar with a 
piece of aluminium. 
A reaction occurred and PA-6 was 
produced. It is most likely not 
reacting with the aluminium 
Caprolactam is reacting 
with the brass fittings 
The resin was poured into a 
glass jar with a pieces of 
brass. 
A reaction occurred and PA-6 was 
produced.  
Fundamental issue with 
mould 
The resin was poured straight 
into the mould from glass jars. 
A reaction occurred and PA-6 was 
successfully produced as depicted 
in Figure 3-4 The mould is most 
likely not the cause. However the 
hand cast gives an insight into the 
flow pattern inside the mould. 
The system is not gas-tight 
and drawing in oxygen and 
moisture. 
The piping was placed in a 
water bath. The presence of 
bubbles would indicate where 
it is not completely gas-tight. 
The piping showed little to no signs 
of leakage. However, one of the 
syringe heads displayed significant 
leakage. During operation the lid is 
sealed with silicone adhesives, 
hence this was also ruled out as a 
major contributor to the problem. 
When drawing from the 
glass jars the mixtures have 
already been exposed to too 
much air 
Moulds of the syringes were 
made out of Pinkysil and the 
molten CL was poured into 
them (Error! Reference 
source not found.) and was 
cooled down. The solid bars of 
CL (Error! Reference source 
not found.) were then placed 
into the syringes to be heated. 
 
This test was not successful as the 
heating coils were not able to melt 
the solid CL before the temperature 
regulator unexpectedly shut down.  
 
Additional issues have been flagged from the experimental work conducted thus far. These 
include the rate of corrosion in the fitting heads, the robustness of the quick connects and the 
solidification of CL during the injection process in the piping and fittings.  The temperature 
regulator and heated piping were inspected by the electrician after it had abruptly shut off 
during an experiment. Alterations to the heated pipes and syringes were made.  There is very 
little flexibility in the pipes, making it extremely difficult to connect to the mixing head. Also 
the syringes can no longer be easily secured into the pump mechanism.  Significant design 
improvements will be needed. 
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Figure 3-5: Corrosion found in fitting heads 
 
 
3.2 Vacuum Assisted Resin Transfer Moulding 
 
The VARTM system (vacuum infusion) was extensively trialled and modified throughout the 
course of the research project, minor changes to the aluminium mould were also required.. An 
outline of the equipment and process involved in VARTM can be found in Table 3-4, this will 
be further expanded upon throughout the experimental discussions and observations. 
Table 3-4: Outline of VARTM equipment and process 
Equipment Description 
Vacuum Pump Used to create a pressure difference starting the outlet end that will 
draw the re.in from the jar and through the mould. 
Reactive Mixture 
(C1, C20P and CL) 
A glass jar containing CL, C1 and C20P is prepared prior in a glove 
box and sealed using aluminium foil and high temperature tape. 
 
Aluminium mould As described in Section 5 
Resin Trap The resin trap is set between the mould and the vacuum pump, 
typically the resin trap is used to prevent any excess resin from 
entering the vacuum pump. 
 
 
Method 
1. Melt the reactive mixture at 80 oC. 
2. Prepare the mould by applying the mould release and inserting fibres. 
3. Close the mould and preheat it to 160 oC. 
4. Connect all the piping and with valve in the close position pierce the foil to the 
reactive mixture. 
5. Turn on the vacuum and hold it for a couple of minutes, ensuring there are no 
leaks. 
Figure 3-4: Hand casted into a close mould 
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6. Open the valve and allow the mixture to flow through the mould. 
7. Turn off the valve when there is mixture leaving the outlet.  
8. Turn off the vacuum. 
9. Leave the mould to cure at 160 oC for at least 60 minutes. 
 
3.2.1 Open Mould Trials with Glass Fibres 
 
As mentioned in Section 2.3 traditional vacuum infusion processes cannot be substituted 1 for 
1. The first VARTM trial was conducted with 6 layers of glass fibre and an open mould. 
Typically in past experiments the entire mould set up was used (closed mould) however, due 
to the low volume of fibres and lack of compaction there was a risk of the fibres dislodging 
inside the mould once the vacuum was present. Therefore a decision was made to complete 
the experiment with an open mould.  
 
As displayed in Figure 3-6 an open mould consists of the bottom aluminium piece that is 
sealed with tacky tape and a sheet of Teflon film. The Teflon film is not typically utilised for 
vacuum bagging, however the current films available in the laboratory are nylon based and 
will dissolve in the presence of molten caprolactam.  
 
 
Figure 3-6: Open mould configuration 
 
The set up for this infusion can be seen in  
Figure 3-7 (yellow arrows indicate direction of flow), for the current set up it is critical to 
consider the available space inside the oven, such as having adequate height to lift the 
pressure pot lid high enough to place the reactive mixture inside. This will also dictate the 
lengths of the piping.  
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Figure 3-7: VARTM setup version 1 
 
During the infusion process a number of issues were identified: 
1. The pressure pot can be difficult to seal. With the equipment preheated to 160 oC oven 
gloves must be used, making it difficult to tighten the wing nuts. The increase of time 
leads to larger temperature fluctuations inside oven. 
2. The corners on the mould were too sharp causing a tear in the Teflon film. This was 
rectified mid-infusion by placing tacky tape over hole, as seen in Figure 3-8.  
 
Figure 3-8: Tacky tape used to cover tear caused during vacuum 
 
3. The tacky tape around the edges pulled up and at times needed to be held down. This 
was mainly an issue when the vacuum was on. 
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This attempt was unsuccessful and no polymerisation was observed after demoulding the 
sample. Upon demoulding the sample a number of observations were made as outlined in 
Table 3-5. 
Table 3-5: Obervations from experiment V1 
Observation Explanation 
The fibres were extremely dry and brown in 
colour, especially towards the outlet. 
 
 
Typically, when oxidation is present the reactive 
mixture will turn a brown colour. Hence, it is 
theorised that there was an oxygen leak into the 
system during the infusion. This could be due the 
poor adhesion between the mould and the tacky 
tape. 
 
However, the fibres used in this experiment have 
not been desized and it is likely that the sizing 
inhibited the reaction process. 
The fibres were easily separated and came 
away from the mould with ease. 
 
The easy separation further indicates that were was 
no polymerisation. 
There were areas where the tacky tape had 
lifted away from the edges. 
 
This could compromise the system and introduce 
oxygen to the system. The mould also felt smooth, 
although the edges were cleaned with acetone it is 
possible that mould release was also on the edges 
of the mould causing the surface to become 
slippery. 
 
Based on the observations and problems from the first vacuum infusion alterations to the 
process and the equipment were made for the second trial outlined in Table 3-6.  
Table 3-6: Issues and solutions from experiment V1 
Issue Solution 
Glass fibre sizing It was identified that the glass fibres contained a chromium complex 
sizing that is incompatible with the reaction process. The sizing was 
removed using dichloromethane see Section 4.1 for the full process. 
This method was devised based on research completed by Allred et 
al. (n.d). 
Tacky tape adhesion to the 
mould 
The outer edges of the mould were slightly sanded creating a rougher 
surface and thoroughly cleaned with acetone.  
Sharp corners of mould 
tore the Teflon film 
The corners inside the mould were rounded with abrasive paper.  
 
The second infusion (V2) was completed with 18 layers of desized glass fibre and had the 
same set up at the first  (V1) with the exception of the outlet hose being exchanged for Teflon 
piping. This trial was also unsuccessful and had similar results to the first experiment, 
however a couple of problems were  encountered during the infusion process. 
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1. There was good adhesion between the tacky tape and mould, however as the width of 
the mould edges were smaller than the tacky tape, the excess tape was pulled into the 
inlet and outlet runners. Subsequently sealing the inlet and outlet passages. The 
vacuum and valve was then turned off and the Teflon film was peeled back and 
breather (polyester based) was placed inside the runners. This  process exposed the 
system to oxygen and the time taken had caused large  amounts of heat loss inside the 
oven.  
2. In fixing the initial problem a tear had occurred in the Teflon film. This became 
apparent as the resin had not infused correctly and stopped mid-way and similarly to 
experiment V1 a piece of tacky tape was used to cover the hole. The resin then flowed 
quickly through the mould. However 10 minutes had already elapsed between fixing 
the first problem and finding the tear, further increasing the level of oxygen exposure.  
3. Before leaving the mould to cure the inlet must be closed, to do so the vacuum must 
be temporarily turned off for the inlet piping to be disconnected  and a cap secured. In 
this process the compaction provided by vacuum is lost, this will negatively affect the 
quality of the sample and porosity content.  
 
After the infusion the mould and the excess mixture in the jar were left in the oven to cure at 
160 oC for 60 minutes. An advantage with replacing the stainless piping with the Teflon 
piping is its transparency. Throughout the cure bubbling was observed at the outlet of the 
mould and further along the piping. This is a concern as it typically indicates a leak is present 
and the vacuum in continuously drawing air. There were no signs of polymerisation in both 
the jar and mould. This adds another layer of complexity as it becomes difficult to distinguish 
which part of the process has compromised the experiment. With further inspection the foil 
lid of the jar could spin freely, high temperature tape was used secure the foil but it did not 
completely cover the edges. This minor oversight could have allowed enough oxygen and 
moisture into the jar and deactivate the reactive mixture. However, this could have also 
occurred during the infusion process.  
The reactive mixture was prepared in a batch in the polycarbonate glove box under a dry 
nitrogen environment. A second jar (foil lid also spun freely) from the same batch was tested. 
There was only a small amount of polymerisation at the bottom of the jar. This result was 
inconclusive in determining if a step the infusion that could have also caused the oxidation.  
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3.2.2 Closed Mould Trial 
 
As there has been no successes yet with the VARTM and with many possible causes the next 
experiment was designed to help eliminate some of the variables and validate the process as  
described in Table 3-7   
Table 3-7: Areas of concern for process validation 
Areas of concern Description/mitigation 
The mould The open mould configuration could influence the polymerisation 
process. It is possible the Teflon film, tacky tape or breather could 
inhibit the reaction. This variable was removed by used the closed 
mould configuration in the next experiment 
Oxidation from inside the 
pressure pot. 
A customised lid was made from pinky-sil, removing the need for the 
pressure pot. The lid fit tightly over the jar and had an interference fit 
for the piping and thus effectively sealing the hole. This eliminated the 
issue experienced in experiment V1 . It was also advantageous to be 
able to  see the volume of mixture in the jar at all times.   
 
Turning off the vacuum 
before the cure to seal the 
inlet 
The valve will be closed and the piping on the inlet side will be 
disconnected past the valve. This was previously not done as there is a 
risk the valve will be unusable after the cure. However, this will 
eliminate the need to disconnect the vacuum and inlet side to 
atmospheric conditions. 
Glass Fibres The presence of glass fibres adds a number of complexities to the 
system. Firstly, it is unsure if the desizing process is effective in 
removing all chemical sizing that is known to be incompatible with the 
reaction. The increased surface area with the fibres increases the risk 
of trapped oxygen. Hence to validate that the VARTM process 
experiment was completed without fibres. 
 
As seen in Figure 3-9(a) the experiment was partially successful, polymerisation occurred in 
half the plate, however the quality of the nylon suggests there was a small amount of 
oxidation. In Figure 3-9(b) a tri-colour phenomena can be observed, the top layer is white in 
colour and had a chalky consistency. This indicates poor monomer conversion. The middle 
section that has a slight brown colour is a common characteristic for oxidation.  
 
This result has confirmed that the VARTM process can be successful in producing nylon 6 
samples.  
 
Figure 3-9: Closed mould experiment (V3) result (a) Sample after removing top cover: clear signs of polymerisation. (b) 
Side view of outlet runner, tri-colour phenomena 
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3.2.3 Additional Trials with Glass Fibres 
 
Following the validation of the VARTM process additional trials containing glass fibre were 
conducted. 18 layers of desized glass fibres with the open mould configuration and similar set 
up to experiment V2. The trial was unsuccessful with no visible polymerisation in the sample 
piece. The jar of excess mixture did polymerise, hence the lack of polymerisation lies with the 
manufacturing process. Observations from the experiment can be found  in Table 3-8. 
Table 3-8: Observations from experiment V4 
Observation Description 
Teflon piping on outlet  There was continuous bubbling through the Teflon piping while the 
vacuum was on. The CL travelled high up the tube and became a 
reddish/brown colour.  
Breather There were signs on polymerisation on the inlet side of the breather. The 
compatibility of the is unconfirmed.  
 
Demoulding the fibres When the fibres were taken out of the mould they were still wet, in 
experiment V1 and V2 the fibres were brown and  dry. When the CL 
has solidified the sample piece became stiff. This suggest that enough 
mixture was present but there was still no polymerisation. 
 
 
Upon reflection the effect of the vacuum on boiling temperature was re considered. Figure 
3-10 displays  the changes in boiling point under a vacuum. This could explain the constant 
bubbling observed at the outlet during the infusions. It can be seen that at -14 psi the boiling 
point for CL is 160 oC, hypothetically  as long as the vacuum does not surpass -14 psi the CL 
should remain in its liquid form. In past experiments the vacuum was only at – 12.5 psi and 
should not have caused the CL to boil. Thus, a bleed valve was installed in the vacuum line to 
control the strength of the vacuum. 
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Figure 3-10: Effective boiling point 
 
As vacuum infusion continued to be unsuccessful a new experimental set up was trailed. The 
aim of this setup was to remove the mould as a variable and mimic a more traditional vacuum 
infusion setup with a flat plate. A silicon sheet replaced the Teflon film as the bagging 
material and it was conducted on a stainless steel sheet. Teflon piping was used on at inlet as 
the transparency allowed for tracking of the resin and a clamp could easily be employed to 
seal the system.  The set up can be seen in Figure 3-11. 
 
Figure 3-11:VARTM setup with flat mould 
 
The infusion process was completed without troubles however, once the resin had been 
infused bubbling could be seen that the inlet, this was suspected boiling of CL with the 
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vacuum at -12.5 psi. The pressure was increased to – 7.5 psi and the bubbling was still 
present. This resulted in an unsuccessful, upon demoulding over 50% of the fibres were dry 
and easily separated (see Figure 3-12) . The area closest to the inlet had residual monomer. 
There was clear discolouration on the silicon sheet where there was contact with the reactive 
mixture (see Figure 3-13). Although, van Rijswik (2006) reports that silicon rubber is 
compatiable with the reactive system.  
  
Figure 3-12: Sample from experiment P5                           Figure 3-13:Discolouration of silcone sheet 
3.2.4 Carbon Fibre Trial 
 
All the experiments (V1, V2, V4 and V5) involving glass fibres and vacuum infusion have 
been unsucessful in complete polymerisation. The compatiability of the sizing on the glass 
fibres has been a conern. It is unconfirmed whether the desizing process is effective in 
removing the sizing. Hence a trial with carbon fibres will be able to conclude if the process 
and/or materials are the reasons for non reactions.  An open mould configuration was used 
with 8 layers of desized carbon fibre. From this experiement the following observations 
described in Table 3-9. 
Table 3-9: Observations from experiment V6 
Observation Description 
Inlet runner The inlet runner polymerised, singalling the at the mixture and the initial 
infusion were not the reason for a non reaction. 
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The sample There were areas of polymerisation 
mostly towards the inlet end, there were 
strong signs of monomer present as well. 
As seen in the picture there is significant 
white chalky marks. The carbon fibre 
where no polyermisation occured 
remained soft. 
 
Outlet runner The outlet runner had very little reactive mixture present, this indicates that 
either there was not enough mixture infused or it had evaporated during the 
curing. The dryness of fibres also indicate that there was not enough mixture 
present. 
3.3 Positive Pressure Resin Transfer Moulding 
 
An alternative injection moulding system had been designed and will be referred to as 
positive pressure resin transfer moulding (PPRTM) as it utilises nitrogen gas to pressurise a 
closed container. The pressure difference pushes the resin through to the mould. 
Previous experiments by Wolter (2017) have successfully produced two samples of plain 
nylon 6 with this system. These samples were included in the mechanical testing and are 
referred to as 3Q and 1H (see Figure 3-14).  
 
Figure 3-14: Plain nylon 6 samples from Wolter's experiemnts. (a) Sample 3Q.  (b) Sample 1H 
 
Thus the focus of this set of experiments was to manufacture reinforced nylon 6. Following 
the VARTM experiments in Section 3.2 one major alteration was made prior to the additional 
PPRTM trials. The original design (version 1) (see   
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                                     Figure 3-15) utilised the pressure pot, this has been replaced with a 
customised pinky-sil lid as shown in Figure 3-16. Table 3-10 outlines the PPRTM process and 
equipment that was used in the following experiments.  
Table 3-10: Outline of PPRTM equipment and process 
Equipment Description 
Dry nitrogen gas The nitrogen gas will be used to purge and pressurise the system 
Reactive Mixture 
(C1, C20P and CL) 
A glass jar containing CL, C1 and C20P is prepared prior in a glove box 
and sealed using aluminium foil and high temperature tape. 
 
Aluminium mould As described in Section 5 
Datalogger Used to monitor the temperature inside the closed mould 
 
Method 
 
1. Melt the reactive mixture at 80 oC. 
2. Prepare the mould by applying the mould release and inserting fibres. 
3. Close the mould and preheat it to 160 oC. 
4. Connect all the piping and with the spare jar and lid purge the mould with N2 gas.  
5. With the reactive mixture, pierce the lid with the N2 gas line and mould inlet piping 
6. Turn on the N2 gas to pressurise the system, using the flow metre the rate should range 
from 200 to 500 ml/min. 
7. Turn on the valve and the reactive mixture should inject into the mould.  
8. Turn off the valve and N2  gas immediately when there is mixture at the outlet. 
9. Seal the outlet and inlet 
10. Cure the mould at 160 oC for 60 minutes.  
  
                                     Figure 3-15: PPRTM system version 1 
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Figure 3-16: PPRTM system version 2 
 
3.3.1 Carbon Fibre Trials 
 
The first experiment (P1) was completed with six layers of desized carbon fibre inside the 
close mould.   A temperature data logger (DataTaker DT80 series) was utilised. Initially,  a 
thermocouple was attached the inlet piping and another inside the mould between the fibres.  
From Figure 3-17 it can be observed that after an hour of the mould preheating in the oven  it 
had not reached polymerisation temperature. The mould was then moved to the hot press. 
Rijswik and Teuwen utilise a vertical hot press for vacuum infusion, the advantage being that 
as the infusion process occurs it pushes any air or gaps out and evenly fills the mould from the 
bottom. Using a horizontal hot press may cause some inconsistencies in the sample piece if 
the mould is not completely filled. From Section 3.1 the fill pattern of the mould can be seen 
from Figure 3-4.   
 
Once the mould was heated it was moved back to the oven and all the piping connected and 
purged with N2 gas. The system was pressurised with N2 gas and the pressure difference 
caused the resin to flow through the piping and into the mould. There is a sharp drop in 
30 
 
temperature as seen in Figure 3-19. The mould placed into the hot press to cure at 160 oC to 
cure for 60 minutes as shown in Figure 3-18.   
  
Figure 3-17: temperature readings from experiemnt P1, 6 layers of carbon fibre 
 
Table 3-11 outlines the stages represented in Figure 3-17 from the temperatures readings. 
 
 Table 3-11: Description of stages from temperature readings 
Stage Description 
1 Mould was preheating in oven, 1 thermocouple was attached to the pipe and 1 inside 
the mould between the fibres.  
2 The mould was moved to preheat in the hot press, the thermocouple on the pipe was 
disconnected and now recording the room temperature 
3 Injection occurred, sudden drop of temperature inside the mould 
4 Mould was moved to hot press to cure, the heating for the hot press was temporarily 
turned off, hence a slight decrease in temperature. 
5 Cooling the mould through the hot press in order to remove and remould the sample. 
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An initial concern with the customised pinky-sil lid was its ability to seal the jar and create 
adequate pressure for the infusion. Due to the low viscosity of the reactive mixture less than 1 
bar of gauge pressure was required to inject the resin. Less N2 gas was also need with the 
version 2 of the system.   
 
This experiment (P1) was successful as polymerisation occurred and “good adhesion” 
between the fibres and matrix can be seen. However, as only 6 layers of carbon fibre was used 
there is only an approximate fibre volume fraction of 12.5%. This has resulted in a resin rich 
sample with excess nylon 6 surrounding the part and many inconsistency as seen in  
 Figure 3-20. There are a larger number of voids present and the edges on the bottom surface 
did not react due to the presence of a spray adhesive. Due to the lack of the compaction spray 
adhesive was used to hold the fibres together during the injection and avoiding bunching. 
Ideally, the fibre volume fraction should be greater than 35% and be compacted inside the 
mould. 
 
There was also no excess resin in the outlet runner, this indicates that the mould was not 
completely full.  Overall, this experiment was successful and validated the PPRTM process 
and the systems compatibility with Toray 300 desized carbon fibres. Table 3-12 outlines the 
concerns that were raised from experiment P1.  
 
 
 
Figure 3-18: Mould curing in the hot press 
 
 
Figure 3-19: Insert A from Figure 3-10 
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 Figure 3-20: Sample from experiement P1, 6 layers carbon fibre. (a) top surface (b) bottom surface 
 
Table 3-12: Concerns from experiment P1 
Concern Descriptions 
Preheating the mould With the data logger the temperature inside the mould could be seen. The 
mould took longer than expected to heat. This raises the concern with 
previous experiments. It is possible the moulds were not heated to the 
appropriate temperature and were not actually curing at the 
polymerisation temperature.  
Irregularities in the 
sample piece.  
It is difficult to control the flow of the resin and the irregularities can lead 
to variations in product quality. However, this may be mitigated with a 
higher fibre volume fraction. 
Lack of pressure pot The pinky-sil lid removed a number of complexities and was suitable for 
pressures up to 1 bar however, if more pressure was needed then it may 
dislodge. The pressure pot is certified and designed to withstand high 
pressure.  
 
From the success of experiment P1 the same method was used to conduct an experiment with 
18 layers of carbon fibre. Hypothetically the irregularities found in the P1’s sample should be 
eliminated with the increase in fibre volume fraction. As seen in Figure 3-21 the experiment 
was successful and an exothermic reaction can be observed from the temperature reading in  
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Figure 3-22. In  
Figure 3-22 the green and blue line represents the temperature between the fibres and between 
the aluminium piece and the steel plate respectively. In the preheating process the two 
temperatures were effectively the same, and during injection there is a sharp drop in the 
temperature that indicates the presence of reactive mixture. As the temperature inside the 
mould normalises it surpasses the outer temperature and continues to grow before slightly 
decreasing and reaching equilibrium  at 160 oC (temperature of the hot press). When the 
mould is placed back into the hot press the outer temperature steadily rises.  The time from 
the injection to the second drop in temperature is 45 minutes; which is the expected time for 
curing.  
  
Figure 3-21:Sample from experiement P2. (a) top surface. (b) bottom surface 
 
Although polymerisation clearly occurred it is important to note the signs of incomplete 
monomer conversion. On both the top and bottom surface had areas with a white chalky 
substance. Additionally, there is a noticeable difference in surface quality between the top and 
the bottom. This has also occurred in previous samples. Further testing mechanical properties 
will need to be conducted to verify the quality of the product.  
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Figure 3-22: Temperature readings from experiment P2, 18 layers of carbon fibre 
  
One major issue with experiment P2 was the demoulding process. The sample was pried away 
from the mould with  difficulty and there was minor damage to the mould. There are a 
number of possible reasons for the demoulding difficulties: 
• Increased compaction from the fibres. 
• Mould release was not applied thoroughly, previously the mould was dried in the 
oven after the apply mould release. This step was not done for this experiment. 
Although demoulding has not been an issue before, if it continues alterations to the mould 
may be needed. 
The 18 layers of carbon fibre were calculated to be approximately 37.5%, generally a fibre 
volume fraction upwards of 40% is considered sufficient. Figure 3-24 displays the 
approximate fibre volume fraction based on the number of layers specific to the aluminium 
mould. Hence, for future work if a fibre volume fraction of 45 % was trialled 22 layers of 
Toray 300 carbon fibre would be needed. Figure 3-23 displays the cross section of the two 
carbon fibre samples, from this the difference in fibre volume fraction can be clearly seen. 
 
Figure 3-23: Cross section of carbon fibre samples, top: 6 layers, bottom: 18 layers 
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Figure 3-24: Fibre volume fraction and number of layers 
 
3.3.2 Glass Fibre Trials 
 
The PPRTM process has been validated with the success of the carbon fibre trials, P1 and P2 
and thus the following trials were conducted with the aim to produce samples with glass 
fibres. The same methodology used for experiment P1 and P2 was followed. Firstly, a trial 
with only 6 layers of glass fibre (experiment P3) was completed.  
Figure 3-25 displays the temperature readings from the experiment and no distinguished 
exothermic reaction or sharp drop in temperature can be seen. This is because the 
thermocouple was placed between a fibre and the aluminium mould  rather than in between 
the fibres. For more insightful temperature readings the thermocouple should be places 
between the fibres, similarly to experiment P2 and Figure 3-22. 
 
Figure 3-25: Temperature readings from experiemnt P3, 6 layers of carbon fibre 
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The experiment was unsuccessful as the sample only partially polymerised as seen in  
 Figure 3-26. The sample was surround by wet caprolactam, indicating there has been 
significant moisture absorption. 
 
 
  Figure 3-26: Sample from experiment P3 
 
Observations from the experiment are summarised in Table 3-13.  
Table 3-13: Observations from experiment P3 
Area of observation  Description 
Thermocouple wire A different thermocouple was used for this experiment. The wire was 
thicker and could have compromised the silicon gasket, resulting in a leak. 
Inlet runner 
 
The majority of the inlet runner had polymerised, however the top surface 
was soft and could be scraped away. This indicates very poor monomer 
conversion. However as the inlet was able to polymerise it indicates that 
the mixture was had not deactivated prior to the injection. The glass fibres 
could be inhibiting the reaction.  
 
 
 
Fibres towards the 
outlet 
 
Towards the outlet there were soft spots where the fibres were malleable 
and soft. Indicating no polymerisation occurred. This also questions the 
flow characteristic raised in experiment P1(see Table 3-12).  
  
Solidification time Typically, CL will resolidify quickly turning white with a chalky texture. 
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of CL However, the sample remained wet after being left in the fume hood 
overnight. It was a few days later before the sample was dry. 
    
Nylon 6 section The colour of the polymerised section is fairly white, suggesting poor 
monomer conversion.  
The control jar A small jar of reactive mixture was prepared in the same batch as the 
control. The mixture inside the jar only partially polymerised, with only 
small amounts on the bottom polymerising. The jar was heated for a longer 
time than usual and experienced temperature fluctuations. 
 
 
Experiment P4 was conducted with same conditions as P3 with 22 layers of glass fibre. This 
approximates to  45 % fibre volume fraction.  From Figure 3-27 two sharp drops in 
temperature can be observed. This was due to re-solidification of CL blocking the pipes. The 
mould was pre-heated to 160 oC using the hot press, however the pipes were neglected and 
the injection was completed with the pipes below the melting temperature of CL. Resulting 
CL resolidify inside the pipes and causing a blockage. The experiment was temporarily 
stopped and the system was left in the oven for 30 minutes to heat. The injection was tired 
again the resin easily flowed through the system at approximately 1 bar gauge pressure.  As 
resin flowed out of the outlet the nitrogen line was turner off, both ends were sealed and the 
mould was moved to the hot press to cure.  
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Figure 3-27: Temperature readings from experiment P4, 22 layers glass fibre 
 
Unlike experiment P2 no visible exothermic reaction could be seen from the temperature 
readings. Further observations from the experiment are found in Table 3-14 
Table 3-14: Observations from experiement P4 
Observation Description 
Stopping mid 
injection 
A portion of the reactive mixture had already entered the mould before the 
injection was halted. The mixture inside could have begun to polymerise at 140 
oC, however, the temperature was slowly decreasing and would stop further 
polymerisation. There may be negative effects for heating, cooling and reheating 
the reactive mixture. 
Excess resin jar The excess resin  in the jar successfully polymerised, signalling that the mixture 
was capable of reacting prior to injection. 
Thermocouple 
wire and leak 
The thicker thermocouple wire was used and after curing liquid was found on the 
outside of the mould. There was leak in the system, this was mostly like due to 
the thicker thermocouple wire inhibiting the silicon gaskets ability to completely 
the mould. A leak exposes the mixture to oxygen and moisture.  
Inlet and outlet 
runner 
Both runners were filled, however only 
the inlet runner polymerised. The top 
surface of the inlet was fairly soft  and 
hence it was not a ‘good’ 
polymerisation. 
The outlet runner was liquid when 
demoulding with the slight brown 
colour.  
The sample When demoulding top 2- 3 layers of fibre separated. There were some difficulties 
removing the sample as most of the bottom surface had polymerised. More 
polymerisation was observed towards the inlet side. The corners of the outlet side 
could be separated.    ss ff 
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3.4 Summary of Key findings 
From all the laboratory trials PPRTM has been most successful with carbon fibre. PPRTM 
process has been refined through iterative processing and was able to produce two samples 
with complete polymerisation and one with partial polymerisation.  
 
VARTM process remains unsuccessful after a number of process improvements. The delicacy 
between vacuum and the boiling point of caprolactam remains a challenge. In literature van 
Rijswik (2006) had successfully completed vacuum infusion, although he had used the faster 
initiator and activator system, C10 and C20P.  It is possible that with the faster system the 
polymerisation occurs before the full effects of the boiling takes place. However, with a faster 
system there are more component size restrictions. 
The syringe pump system has also not been successful, within the process there are multiple 
stages that can expose the system to oxygen and moisture. Due to the equipment the 
experiment cannot be conducted inside the oven, thus all the piping is heated with heating 
coils and a temperature regulator. This has presented many challenges for keeping the 
equipment above melting temperature.  Table 3-15 summarises the key findings from the 
laboratory experiments. 
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Table 3-15: Key findings and lessons learnt from laboratory trials 
Key finding 
and lessons 
learnt 
Description 
Spray adhesive  The spray adhesive served its purpose binding the fibres, however it 
inhibits the reaction at those areas. If possible its use should be avoided. 
White tacky 
tape 
A small piece was tacky tape was placed in a small jar of reactive mixture. 
Polymerisation occurred around the tape but there was slight discolouration 
where there was direct contact with the tap. The taped remained spongey. 
Indicating the resin had not infiltrated the tape.  
Demoulding Demoulding can be difficult as there is very little leverage to lift the sample 
and the aluminium is easily damaged. The logistics of demoulding should 
be considered when designing a mould.  Especially if it is intended for high 
use and short cycle times.  
Piping 
consumables 
If polymerisation is successful lengths of the piping will become unusable 
as they are filled with nylon 6. With the current set up the stainless pipes  
are relatively inexpensive, however with large applications the piping may 
not be as easily replaced.  
Positioning of 
thermocouple 
For the most insightful data a thermocouple should be placed in between 
the fibres and another between the outer aluminium piece and steel plate. 
This will provide the most accurate reading of the sample and the outer 
thermocouple can be used to compare the temperature of the mould and the 
sample. 
Mould profile Sharp edges and corners should be avoided in the mould design, especially 
for vacuum infusions as it increases the risk of tearing the vacuum bag. 
Demoulding would also be easier if inner edges were tapered.  
Preheating 
mould 
Preheating the mould in the oven would take over 2.5 hours. It is strongly 
recommended to preheat the mould in the hot press, from room temperature 
to 160 oC will take 20 to 30 minutes. 
Vacuum 
infusion and 
preheating 
It was likely the mould was not at polymerisation temperature during the 
infusion and was heating when the resin was curing. Hence polymerisation 
could not have happened and during the time the mould was heating the CL 
was boiling and evaporating away.  
Glass fibre 
sizing 
The known sizing on the glass fibre is incompatible with the reactive 
system. A desizing process has been applied to remove the sizing, however 
many trials involving glass fibre remain unsuccessful. A piece of glass fibre 
was tested with a small jar of reactive mixture. The jar polymerised with 
the glass fibres present. This may not be a true representation as the ratio of 
mixture to fibre is much lower in the experiments. The additional surface 
area in the experiments increases the risks. 
Preheating the 
piping 
All the piping must also be preheated to above the melting temperature of 
CL. Otherwise the CL will resolidify inside the pipes and cause a blockage. 
In the oven the pipes should only take 20 minutes to reach temperature. For 
the nitrogen line additional lengths were also added to help heat the N2 gas 
before it reaches the reactive mixture.   
Direction of 
flow 
From the samples the characteristics differ from the inlet to outlet ends. 
Often more polymerisation is found at the inlet side. 
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4 Manufacturing Processes 
 
Detailed methodology of the entire process has been created based on the successes and 
challenges from laboratory trials. The purpose of this methodology is in hopes that the next 
researcher is be able to continue developing the manufacturing techniques until there is 
repeatable and robust system.  Once the techniques have been thoroughly investigated in a 
laboratory scale then large-scale industry applications can be developed. 
 
The processing steps can be broken down into three main sections; the material preparation, 
infusion and post infusion. Figure 4-1 below outlines the overall process.  
 
 
Figure 4-1: Outline of manufacturing stages 
 
4.1 Material Preparation 
 
The material preparation can be categorised into two components, the preparation of the 
reactive mixture and the fibre preparation. The preparation of the reactive mixture must be 
completed in an inert environment to prevent the exposure of oxygen and moisture, hence 
must be completed in a glove box with either nitrogen or argon gas.  
 
There have been two gloveboxes used, a portable polycarbonate (PC) glove box and MBraun 
UniLab Plus Glove box workstation. The MBraun Unilab was the primary glove box and is 
considered more reliably. Detailed methods have been developed for both glove boxes to 
ensure the reactive mixture is not exposed to oxygen or moisture and deactivate.  The 
methodology for the PC glove box can be found in Appendix 8.4 
 
The glass and carbon fibres that have been used were commercially available and contain 
sizing. Generally, the sizing improves the adhesion between the fibres and the matrix, 
however, the sizing chemicals are not compatible with the reactive reaction. A desizing 
process has been created using solvents to remove the sizing.  
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4.1.1 MBraun Glove Box 
The second glove box that was used to prepare the reactive mixture was the MBraun UniLab 
Plus glove box. The MBraun glove box was more reliable and has significantly less setup 
time, as it is a permanent fixture. The contents of the glove box are continuously under an 
inert atmosphere (argon gas) with H20 and oxygen monitors.  
Equipment and Materials 
 
Various pieces of equipment are permanently stored in the glove box after the initial 
preparation, these include: 
• Sealed bag of caprolactam 
• Sealed bag of C1 
• Sealed bag of C20 
• Measuring scales 
• Scissors 
• Aluminium foil 
• Nitrile gloves 
• Clips to close the bags 
 
It is recommended that as much equipment as possible is left permanently in the glove box to 
reduce the risk oxygen and moisture contamination. The CL, C1 and C20P do not need 
further storage considerations if they are stored in the glove box 
The following equipment must be transported into the glove box for each preparation: 
 
• Glass jar 
• Sheet of vacuum bag at least 50cm x 50cm 
• Spoon 
• High temperature tape 
Methodology 
 
The small antechamber was used to transport the equipment into the glovebox. The following 
procedure must be completed each time to ensure the inert atmosphere is not compromised.  
1. Check the inner latch of the antechamber is closed.  
2. From the pressure gauge determine if the chamber is currently under vacuum. If the 
chamber is under vacuum then it must be filled and then the valve closed. If the 
chamber is not under vacuum ensure the valve is in the closed position.  
3. Open the antechamber and place all equipment into the tray and latch the door closed. 
Ensure all the equipment is not sealed, i.e there is no lid on the glass jar as the pressure 
differentials may damage the equipment. 
4. Turn the valve to create a vacuum in the chamber, wait until the vacuum reaches -1 
bar and then fill the chamber with argon gas by turning the valve into the fill position 
until the pressure gauge reads 0 bar. Repeat this process at least 5 times. 
5. With the pressure at 0 bar and the valve in the closed position the preparation may 
start.  
6. Once hands are placed in the glovebox gloves, nitrile gloves from inside the glove box 
must also be worn over the top. As there a number of different experiments and 
materials inside the glove box it is critical to avoid contamination.   
7. Open the door to the anti-chamber, remove all the equipment and close the door. 
8. Place the sheet of vacuum bag on the bench, all the preparation will be conducted over 
the sheet to catch any spills.  
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9. Using the scales measure the appropriate amount of CL, C1 and C20 and place it into 
the glass jar, see step 7 and 8 in section 5.1.1.2 for further details.  
10. Seal the glass jar with aluminium foil and high temperature tape, ensuring the tape 
covers all edges of foil, see step 9 in section 5.1.1.2.  
11. Seal the bags of CL, C1 and C20 by folding the tops down a couple of times and 
holding it in place with the clips. Place the bags and the measuring scale on the shelf.  
12. Open the antechamber door and place all the equipment to be removed on the tray. 
Including any waste such as the nitrile gloves and sheet of vacuum bag. Close the 
door. 
13. Remove all the equipment from the antechamber using the outer door and promptly 
store the reactive mixture in a desiccator. 
4.1.2 Fibre Preparation 
 
Due to the incompatibility between the sizing and the reactive process the sizing of the fibres 
will be removed using a solvent. The two fibres that have been used are Toray 300 woven 
carbon fibre and plain weave (PL) glass fibre. The desizing process uses a number of toxic 
chemicals and it is important that material safety data sheets and risk assessments have been 
read and understood. 
Desizing Equipment and Materials 
 
• Dichloromethane (DCM), quantity will depend on the amount 
of fibres 
• Acetone 
• Hotplate 
• Glass beaker 
• Aluminium foil 
• Metal spatula 
• Fibres, depending on which experiment will be carried out 
either glass or carbon fibres 
• Scissors 
• Electric oven 
• Fume hood 
• Masking tape 
 
Desizing Methodology 
 
1. Cut the fibres into strips of the desired width, they can be cut into the exact size after 
the process, the less pieces the easier it is to handle 
2. Place the hotplate in the fume hood and turn it on to approximately 80 oC, the boiling 
point of DCM is approximately 40 oC. 
3. Roll the strips of fibre into loose rolls and place them into the glass beaker and fill the 
beaker until all the fibre are submerged. 
4. Place the beaker onto the hotplate, and place a sheet of foil over the top of the beaker. 
5. Allow the DCM to boil for 10 minutes with the fibres. The fibres may need to be 
moved with the spatula to keep them submerged.  
Figure 4-2: Fibres soaked in 
dichloromethane on a hotplate 
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6. Turn off the hotplate and allow the contents to cool.  
7. Move the beaker off the plate and seal the top by securing the foil with masking tape. 
8. Leave it to soak for 5 days. It is strongly recommended to leave the beaker in the fume 
hood for this period. Although the top has been sealed there is still a risk of DCM 
vapours escaping. 
9. After 5 days, whilst in the fume hood remove the fibres and place them on a tray. 
Carefully disposing the DCM into an appropriate chemical waste bottle.  
10. Wash the fibres with acetone. 
11. Dry the fibres in the oven at approximately 90 o C for at least 1 hour.  
The desizing process can be completed in advanced and the fibres stored in a container. For 
easier handling it is recommended that the fibres be stored in the strips and only cut to size on 
the day of the infusion due to the fraying. 
Fibre Layup 
 
To prepare the fibres for infusion cut the fibres slightly smaller, 2mm on each edge than the 
mould cavity. The fibres are than dried in the oven at 120 oC for at least 2 hours. Then place 
the fibres inside the cavity and if a data logger is being used place the thermocouple in 
between the fibres. 
 
For closed mould infusion if the fibres are not compressed inside the mould than the fibres 
may move during the infusion hence, spray adhesive can be used. Use the spray to hold the 
edges together by sparingly applying small amounts on the edges parallel to the flow 
direction. However, the spray adhesive inhibits the reaction and that area of the sample will 
not polymerise. 
4.1.3 Applying Mould Release 
 
Mould release needs to be applied to the mould and runners before the experiment. Loctite 
710-NC Frekote by Henkel has been the preferred mould release. The process must be 
completed in the fume hood. First, apply the mould release over the sample cavity and in the 
runners, allow it dry slightly before reapplying. This is completed at least 5 times and then the 
mould is placed in the oven to dry at 120 oC for a few minutes.   
4.2 Infusion 
 
Each of the three different manufacturing techniques has a large number challenges and 
complications. The methodology and design of the systems have been modified upon 
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reflection after each experiment. Although there are various steps that are only applicable to 
the current design, the concepts can be adapted to new developments.  
 
4.2.1 Syringe pump system 
 
The purpose of the syringe pump system was used to preform reaction injection moulding 
(RIM). Throughout the laboratory trials there was limited success with the syringe pump 
system. The PPRTM system was designed as an alternative to the syringe pump system and 
has proven success. Thus this system was not further developed.  
4.2.2 Vacuum Assisted Resin Transfer Moulding 
 
The VARTM process is conducted in the oven at 160 oC, it can be completed with different 
mould configurations. This methodology will focus on the open mould configuration. The 
current methodology has been developed from a number of laboratory trials and lessons 
learnt. Although these trials were not able produced a full sample of Nylon 6 there is potential 
for this method to be further refined in future work. The current set up used for VARTM can 
be found in Figure 4-3. 
 
Figure 4-3: VARTM set up 
Equipment and Materials 
• Customised pinky-sil lid for VARTM  
• Open mould 
o White tacky tape 
o Teflon film 
o Spare fibres 
• Fibre layers 
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• Teflon piping  
• Stainless steel piping with appropriate fittings and compression olives. 
• Ball valve – Connected between the mould and the reactive mixture inlet line 
• Reactive mixture, prepared as in Section 4.1 
• Pinky-sil donut (optional) – can be used to hold the reactive mixture jar 
• Oven 
• Vacuum pump with appropriate fittings and bleed valve 
• Clamps 
• Cap for inlet 
• Resin trap 
Set up 
 
Application of mould release and the fibre layup should be prepared as per Section 4.1. Place 
the fibres into the mould cavity and insert a thermocouple in between the fibres. Roll up spare 
fibre pieces and place them in the runners along the entire length. The fibres were chosen over 
common breather as the compatibility with the reaction is uncertain. Seal the mould utilising 
Teflon film and tacky tape.  Ensure that the edges of the mould are free of mould release, light 
sanding may also help secure the tacky tape and extra consideration will be needed at 
thermocouple section.  When the mould is prepared connect the inlet and vacuum line to the 
mould. Check the mould for leaks by turning on the vacuum. 
 
The vacuum line (via Teflon pipe) will enter the oven from the top, there should be a resin 
trap between the vacuum pump and mould, this typically sits on top of the oven. The outlet of 
the resin trap is the vacuum pump.  
Methodology 
1. Preheat all equipment  
a. Preheat the main oven 160 oC and place the mould (with piping attached) 
inside to preheat. 
b. In second oven at 80 oC melt the reactive mixture with the pinky-sil lid on 
2. When all equipment is at temperature and the reactive mixture has melted, move the 
reactive resin  to the main oven. The oven is at 160 oC but the experiment is conducted 
with the oven door open and will experience significant heat loss.  
3. Insert the inlet line to the reactive resin jar and pierce the foil seal. The pipe must react 
the bottom of the jar. 
4. With the ball valve closed, turn on the vacuum for a few minutes to draw any air from 
the mould.  
5. Using the bleed valve ensure the vacuum is greater than -12 psi. Open the ball valve 
and allow the mixture to be pulled through.  
6. When the resin fills the outlet runner close the ball valve. Disconnect the pipes at the 
valve and seal the inlet line with the cap. The ball valve will become damaged if left in 
the oven during the curing process. 
7. Clamp vacuum line, typically the vacuum remains on for the curing process. Due the 
low viscosity of the resin it is likely that the resin will continue to travel through the 
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vacuum line before curing. If the seal is effective with the clamp the fibres should 
remain compacted. 
8. Close the oven door and allow it to ramp up to 160 oC, the sample should  cure at 
temperature for 60 minutes. The excess resin jar should also be left in the oven to cure, 
this can be used at the control for the quality of the reactive mixture prior to infusion.   
4.2.3 Positive Pressure Resin Transfer Moulding 
 
PPRTM is completed in the oven at 120 oC with the closed mould preheated to 160 oC in the 
hot press. Nitrogen gas is used to pressurise the system, forcing the reactive mixture through 
the piping and into  the mould. The experiment is completed vertically in the close mould. A 
risk assessment for this process has been completed on the UQSafe-Risk database and must 
be read and understood before commencing the experiment. The setup of the system is 
displayed in Figure 4-4.   
Equipment and Materials 
• Nitrogen gas, at least 150 bar 
o Hose line with flow meter and pressure gauge 
• Customised pinky-sil lid for PPRTM – there are two openings, 1 for the inlet line and 
1 for the N2 gas line. 
• Closed mould 
• Fibre layers 
• Cap for outlet 
• Stainless steel piping with appropriate fittings and compression olives. 
• Ball valve  
• Reactive mixture, prepared as in Section 4.1 
• Aluminium beams  
• Pinky-sil donut (optional) – can be used to hold the reactive mixture jar 
• Hot press 
• Oven 
• Spare jar and pinky-sil lid 
• Data logger with thermocouples 
Set up 
 
Firstly, all the stainless steel piping needs to be prepared. There are two main sections for the 
piping: 
• The N2 gas line – A length of stainless steel piping will enter from the top of the oven, 
the top end will connect to the N2 hose line. The bottom will go directly into the 
reactive mixture jar via the pinky-sil lid. Additional piping  can be added to increase 
the volume of which the N2 gas travels through. The purpose is to increase the 
temperature as it  travels through the pipes. 
• Inlet line – The inlet line begins at the bottom of the reactive mixture jar and ends at 
the mould. A ball valve is installed in the middle.  
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The closed mould must be prepared, for fibre lay-up refer to Section 4.1. Once the fibres and 
thermocouple are in place, close the mould with the silicon gasket and steel clamping plates. 
An additional thermocouple is to be placed between a steel plate and the aluminium piece. 
The inlet and outlet lines should then be connected and tightly secured.  
 
Figure 4-4: PPRTM setup 
 
Methodology 
 
9. Preheat all equipment  
a. Preheat the oven and the nitrogen line inside (experiment will occur inside this 
oven) to 120 oC  
b. In hot press at 160 oC – closed mould 
c. In second oven at 80 oC – reactive mixture with the pinky-sil lid on 
10. When all equipment is at temperature and the reactive mixture has melted, move the 
mould from the hot press into the oven. Place it vertical on the aluminium beams 
(Figure 4-4). Although the mould is now at temperature the inlet line is still  at room 
temperature and will cause the mixture to resolidify. There are two methods to heat 
the inlet pipe. 
a. Use the heat gun to bring its temperature up to about 80 oC 
b. Leave the system in the oven for an additional 20 minutes. This will slightly 
cool the mould.  
11. With the spare jar and pinky-sil lid connect the inlet and N2 line to purge the system 
with N2 gas. Ensuring the ball valve is in the open position, light flow should be felt 
on the outlet end. Cease the N2 gas flow with the flow meter control. 
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12. Connect the reactive resin jar, piercing the foil seal with the inlet and N2 lines. Move 
the spare jar to the outlet side to catch excess resin. 
13. With ball valve in the open position, turn on the N2 gas with the flow metre at 200 – 
500 ml/min, the pressure should not exceed 1 bar. The resin should flow through the 
inlet line.  
14. Once the mould is filled and additional resin is dropping out of the outlet pipe (into 
the spare jar), stop the injection by closing the ball valve and turn off the N2 gas. This 
can initially be completed with the flow metre but remember to shut the N2 gas at the 
main cylinder afterwards. 
15. Disconnect the inlet line from the mixture jar and seal the outlet line with a cap. 
Transfer the mould it into the hot press to cure at 160 oC for 60 minutes.  
16. Ramp the oven to 160 oC to cure any excess resin in the jar, seal the holes in the 
pinky- sil lid. It is important to see if the jar polymerises to help isolate the variables if 
the sample does not. 
17. Once the curing time is complete the mould can be cooled inside the hot press and 
then demoulded. The demoulding should occur in the fume hood in case CL vapour 
escapes.  
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4.3 Post Infusion 
The sample may be difficult to demould, as the aluminium mould is relatively soft it is not 
recommended to use metal tools (e.g. screw drivers) to pry the sample away. Based on the 
difference in thermal expansion between aluminium and nylon 6 places the mould into the 
freezer for an hour may help.  
 
Cleaning the equipment properly after the experiment  helps avoid contamination and save 
consumables. The main pieces of equipment that require cleaning include: 
• The piping – predominately the inlet lines and outlet line for VARTM 
• The mould 
• Glass jars 
Caprolactam is considered toxic and must be disposed of appropriately according the 
University’s chemical waste policy. If polymerisation has occurred and nylon 6 is present 
than it can be considered non-toxic.  Table 4-1 contains cleaning strategies for the main 
equipment.  
Table 4-1: Equipment cleaning 
Equipment Cleaning Method 
Caprolactam in pipes The pipes may be placed into an oven at 80 oC to melt the CL, a cup 
should be used to catch the liquid. The CL vapours are hazardous and 
the oven door should only be open if necessary and respirators should be 
worn. Once the CL has dripped out of the pipes, flush the pipes 
sparingly with water. This water should be disposed as chemical waste. 
Nylon 6 in pipes The pipe cannot reused. 
Nylon 6 in glass jars If there is a large piece inside the jar and it cannot be pulled out of the 
jar cannot be reused. If the nylon 6 can be removed than clean the jar 
with paper towels and acetone. 
Caprolactam in glass jars Melt the CL at 80 oC and then pour the molten mixture into a chemical 
waste bottle. Next pour a small amount water into the jar and allow it to 
dissolve any remaining CL. This water should be disposed as chemical 
waste. When the jar is free of CL it can be cleaned with paper towels 
and acetone. 
The Mould The mould can be wiped down with water and acetone, if surface 
damage has occurred the mould can be polished with light polishing 
pads. 
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5 Mechanical Testing 
5.1 Tensile Tests 
 
Tensile tests were conducted according to ASTM D638 type IV configurations to verify the 
quality and property the product. Two samples of plain nylon 6 produced via PPRTM had 
three test specimens water jet cut from each. to the hygroscopic nature of Nylon 6 the samples 
were conditioned for 3 weeks at 52 % relative humidity. As seen in Figure 5-1 there are 
consistent trends between the test specimens of the same sample. The points of failure varying 
with each specimen, this was contributed to defects found in the specimens.  The performance 
of the samples can be also attributed to the monomer conversion or degree of crystallinity. 
Visually the samples were different in colour, with the 3Q samples were whiter in colour 
while the 1H samples were an off white colour. At the fracture point for the 3Q samples had a 
chalky texture, a typical characteristic for poor monomer conversion.   
 
 
Figure 5-1: Tensile test results for plain nylon 6 
 
There were also a number of defects throughout the samples that affected the results of the  
tensile test. Specimens 1H-2 and 1H-3 follow the same trend and have an approximate 
ultimate tensile strength of 70 MPa.  Whereas specimen 1H-1 initially followed the same 
trend but prematurely failed due to the large porosity as shown in Figure 5-2.  According to 
Ultramid B3K data sheet (2017) their reported tensile strength is 80 MPa. The differences in 
tensile strength could be due to the degree of crystallinity.   
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Figure 5-2: Test specimen 1H-1 and 1H-2 after tensile test 
 
A large number of porosities has negatively affected quality of the sample as shown through 
the tensile tests. From the experiment it had appeared that the entire mould had been filled. 
The number of voids found inside the sample pose a manufacturing challenge. The injection 
system relies on the pressure difference to push the resin through the mould and fill any 
possible  gaps.  This is a disadvantage with the PPRTM system as there lacks a mechanism to 
purposely reduce the voids during the curing process. 
5.2 Flexural Properties and Short Beam Strength 
 
The flexural properties and short beam strength of the samples from P1, 6 CF and P2, 18 CF 
were investigated with 4 and 3 point bending according to ASTM D7264 and ASTM D2344 
respectively.  All samples were water jet cut to size, dried in a vacuum oven and conditioned 
for 3 days at 66% relative humidity. 
 
Figure 5-3 displays the results from the 4 point bending tests with the load applied in newtons 
(N) and the corresponding extension in millimetres (mm). As expected the low fibre volume 
fraction of sample 6 CF behaves in a ductile manner,  with no sudden failure. The material 
plastically deformed and continued to elongate at lower loads. The 18 CF test specimens 
required a much higher load before failing in compression. The bottom edge of 18 CF 3 had 
showed signs of delamination prior to testing. This defect has clearly affected the flexural 
properties with its maximum load being nearly a quarter of the other specimens. The flexural 
strength decreased from 427 MPa to 404 MPa between 18 CF 1 and 2 respectively, 18 CF 2 
was further away from the inlet. Macroscopically both samples were free from defects, it is 
uncertain if the positioning relative to the inlet affects the polymerisation. Teuwen (2011) had 
reported there were more voids towards the outlet and lower flexural properties can occur 
with higher degrees of crystallisation as it stops the reactive chains. With the exception of 18 
53 
 
CF 3, all test specimens failed in compression, the defects appearing in the top outer surface 
as shown in Figure 5-4. Delamination is a common problem in composite manufacturing and 
it dependent on the fibre-matrix adhesion created during manufacturing.   
 
 
Figure 5-3: 4 point bending results 
 
Table 5-1: Results and calculation from 4 point bending test 
Test 
Specimen 
Max. load 
(N) 
Max. Extension 
(mm) 
Flexural 
Strength (MPa) 
Failure 
Mode 
6 CF 1 502 16.2 140.9 Compression 
6 CF 2 404 15.9 84.7 Compression 
18 CF 1 1948 10.3 427.0 Compression 
18 CF 2 1848 11.9 404.9 Compression 
18 CF 3 498 9.0 113.5 Delaminated 
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Figure 5-4: 18 CF 1, failure due to compression 
 
 
Figure 5-5: 18 CF 3, failure due to delamination 
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Short beam testing was conducted via 3 point bending with the aim to test the strength 
between the fibres and matrix. For a short beam test the span to thickness ratio is extremely 
low compared to the flexural property test. Thus, it is typical for test specimens to  shear at 
the neutral axis where compression loading turns into tension. This represents the strength of 
the fibre and matrix bonding. (Charron, 2011). However, as listed in Table 5-2 the majority of 
the test specimens failed in tension. This indicates that shear occurs above the current 
maximum loads. Typically, plasticity is induced by shear forces and the matrix between the 
fibres could be experiencing plasticity thus would require a higher load to fail by shearing.  
The test specimens from sample 6 CF contained many defects and irregularities from the non-
uniform sample  and thus, no reliable trend can be seen (see. Figure 5-8) . This reaffirms the 
negative affect voids have on the  mechanical properties.  In Figure 5-6 the specimens are 
observed to behave similarly with each other, with  the exception of 18 CF 1 that contained a 
known defect. The step drops in load are typical for tensile failures, as the bottom layer fails 
the load is then beared by the next layer, before it also fails.    
 
 
Figure 5-6: Short beam 3 point bending results for 18 layers of carbon fibre 
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Figure 5-7: Test specimen 18 CF 4, failure due to tensile forces 
 
 
Figure 5-8: Short beam 3 point bending results for 6 layers of carbon fibre 
 
Table 5-2: Results from 3 point bending and short beam strength calculation 
Test Specimen Max. load 
(N) 
Short Beam 
Strength (MPa) 
Failure Mode 
6 CF 1 816 12.94 Tensile 
6 CF 2 579 9.67 Tensile and  Delamination 
6 CF 3 853 11.20 Tensile 
6 CF 4 1522 19.58 Tensile 
6 CF 5 1241 16.29 Tensile 
18 CF 1 1305 16.66 Tensile, known defect 
18 CF 2 3752 47.11 Tensile 
18 CF 3 3522 43.34 Tensile 
18 CF 4 3872 49.48 Tensile 
18 CF 5 4006 51.96 Tensile 
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5.3 Density Measurements 
Density measurements were taken from a number of different samples with using the density 
measurement kit as shown in Figure 5.11.  
 
Liquid infiltration was performed on all the samples to determine the bulk, skeletal and 
porosity percentages. From the density values (see Figure 5-12) it can be observed that the 1H 
sample was more dense than 3Q and the 3Q sample had a relatively high percentage of 
porosities at 4.25% (see Figure 5-10). 
 
 
 
 
Figure 5-9: Porosity Content of samples 
 
For plain nylon 6 the lower density and high porosity also correlates with poorer tensile 
strength in Section 5.1. Sample 18 CF that was produced in experiment P2 has a porosity 
content of 3.3 %. This result is desirable for a composite part, the low porosity content is 
attributed to the resins low viscosity and ability to infiltrate the fibres. Sample 6 CF had a 
relatively high porosity content of 5.83 %, this was expected as macroscopically voids could 
been seen throughout the sample. This was mostly likely due to the low fibre volume fraction. 
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Figure 5-10: Density kit          Figure 5-11: Bulk and skeletal Density 
 
5.4 Microscopy 
 
Samples from experiment P1 and P2 were further investigated with microscopy to examine 
the porosity and adhesion between the fibre and matrix.  Table 5-3 includes images obtained 
from microscopy and a description. 
Table 5-3: Micrscopy images 
Specimen Description 
 
18 CF at 5x magnification 
 
A void can be seen at the bottom 
denoted by the darker 
complexion. In general there 
seem to be few porosities. Fibres 
in the 0 and 90 directions can 
observed. 
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18 CF at 10x magnification 
 
No voids can be observed in this 
section, fibres are in the 0 and 90 
directions. The nylon 6 is fairly 
evenly distributed between layers. 
 
18 CF at 100x  magnification 
 
There is an area of the fibres 
which indicate a void due to the 
lack of definition.  
 
6 CF at 10x magnification 
 
As expected the image displays a 
high volume of nylon  
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6 CF at 20x magnification 
 
There are a number of areas that 
show characteristics of voids. 
These tend to be the ends of the 
fibre strands. Although the fibres 
end could have been damaged 
during polishing.  
 
 
5.5 FTIR 
 An FTIR test was carried out on the samples to verify the polymerisation and crystallisation,  
with caprolactam as the control. As seen in Figure 5-12 in the CL sample (purple line) the 
1544 - 1538 cm-1 peak is not present, the amplitude of the peak grows with monomer 
conversion. In polyermerisation the peak at 1651 cm-1 also shifts to the right to 1634 cm-1.  GF 
at inlet (brown line) refers to a sample taken from experiment P4, during the time of the 
experiement only partial polymerisation was reported, this is confirmed by the small peak 
present at 1544cm -1 along with the peak at 1652 cm-1  that has not shifted to the right.  
 
18 CFRP refers to the samples  produced from experiment P2, multiple areas of the sample 
were tested and yielding slightly different results. Overall the sample was uniform however 
particular areas had slight differences in the degree of conversion, denoted by white spots (see 
Figure 3-21), this is confirmed by the difference in peak amplitude at the 1538 cm-1 band seen 
in Figure 5-13. For enlarged versions of Figure 5-12 and Figure 5-13 see Appendix 8.5 and 
8.6 respectively. 
60 
 
 
Figure 5-12: FTIR result, full band spectrum 
 
 
Figure 5-13 FTIR result, 1700  to 1490 cm-1 spectrum 
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6 Conclusions 
 
The work conducted throughout this thesis project were undertaken to fulfil the objectives 
established at the beginning of the project. Efforts to develop robust manufacturing methods 
for R-RTM systems were completed through iterative process development and laboratory 
trials. Three different systems were investigated, RIM, VARTM and PPRTM. Significant 
challenges arose with each system. These challenges stem from the sensitivity of the reaction 
process and the melting temperature of caprolactam. The compatibility of materials is also an 
important consideration. The glass fibre currently used contains an incompatible sizing and 
needs to be removed before experiments. From the work conducted thus far there has been 
little success in producing reinforced nylon 6 with glass fibres, this includes trials with both 
VARTM and PPRTM systems.  Successful trials for carbon fibre reinforcement have been 
completed through PPRTM. Samples containing 6 and 18 layers of carbon fibre was were 
produced and mechanical tests were carried out. The sample with 6 layers behaved in a 
ductile manner, due to high Nylon 6 content and had a porosity content of 5.8 %. Due to the 
low viscosity of the resin the 18 layer carbon fibre sample had a low  porosity content of 3.3 
%.  FTIR was also conducted on a number of samples to quantify the polymerisation, the  
sample with glass fibres had the least amount of polymerisation. 
 
From the laboratory trials it was concluded that the current design for VARTM is not feasible 
with fibre reinforcement and the effect of the vacuum on the boiling temperature need to be 
further investigated. The current design of the syringe pump system is also not feasible, the 
logistics of heated piping and connections lead to a difficult injection process with many 
possible areas of failure. A manufacturing procedure for the PPRTM system has been 
developed based on the laboratory trials and the current procedure has been successful in 
producing carbon fibre reinforced samples. 
6.1 Recommendations and Further Project Work 
 
The most promising manufacturing technique is the PPRTM, thus it would be advantageous 
to investigate different fibre volume fractions and their porosity content. This will help 
identify the limits of this system. The rate of injection should also be considered and its effect 
on the porosity content. This could be investigated by manipulating the pressure of the 
system. If more studies into fibre reinforcements are completed alterations to the mould may 
also be needed to aid the demoulding process.  
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It would also be beneficial to complete X-ray photoelectron spectroscopy (XPS) on the fibre 
reinforcements to determine the effectiveness of the desizing processes. If the sizing of the 
glass fibres are present this may explain the non-reaction in the experiments.   
 
Thirdly, for future project work developing a system with two inlet lines and a mixing head 
would be beneficial. This would enable separate initiator/CL and activator/CL mixtures that 
can be used with the faster polymerisation system C10 and C20P. It would also allow for the 
reactive mixtures to be heated to high temperatures, reduce curing times and the risk of 
solidifying.  
 
Lastly, the effect of flow direction and mechanical properties should be further investigated. 
Throughout the laboratory experiments there have been different observations made on 
polymerisation relative to its distance from the inlet.  
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8 Appendices 
 
8.1 Dimensions for tensile test extracted from ASTM D638-14 
 
 
8.2 Dimensions for Charpy Impact test extracted from ASTM 
D6110-10 
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8.3 Density Measurement Standard Operating Procedure 
 
Porosity/Density measurement 
 
According the ASTM C830 test method 
1. Determination of Dry Weight, D 
 
Before beginning the test, samples should be dried overnight at 105C-110C. Time required 
will depend on sample size. Samples can be assumed to be dry if no weight loss is recorded 
over a 1h duration. Determine the weight by using the density kit as follow: 
 
Put the 3 stopper as indicated on the picture as well as the density kit 
(picture1) Weight the sample on the top of the density kit. (picture2)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 1: Density - Setting up Picture 2: Density kit - Setting up 
 
This is the D value, record D. 
 
2. Liquid absorption 
 
This step has the aim to fill up pores with water. Test specimens are introduced to a vacuum 
chamber. When introducing the sample in the vacuum chamber, please make sure that the 
vacuum line goes into the cup as shown picture 3. Following this, close the chamber as well 
as the line with the locking clip and connect it to the pump as indicated picture 4 and turn on 
the vacuum.  
 
 
 
 
 
 
 
 
 
 
 
 
Locking clip 
 
 
 
 
Vacuum line 
 
Picture 3: Closing the vacuum chamber Picture 4: Connecting the pump to the Vacuum chamber 
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Picture 5: Pressurising the chamber 
 
Hold the vacuum for 30 min. Weight some water and add a drop a soap, mix it and introduce the water 
through the vacuum line, enough to submerge the sample and leave it for 5 min. The extremity of the hose 
should be fully submerged, so only water (and not air) is introduced to the chamber. Following this, 
disconnect the pump from the chamber. By using the adaptor, join the vacuum chamber to the compressed 
air and make sure that the pressure gauge shows zero. Ensure the valve 2 is closed, turn the valve n°1 to 
“ON” (in line with pipe), set the pressure to 35 PSI by using the valve n°3 and turn the valve n°2 to “ON” 
position. 
Hold the pressure for an hour. Stop the compressed air by turning the valve n°1 to “OFF” and then 
break the vacuum by turning the valve n°2 to “OFF”. The specimen is saturated and ready for 
weighting. 
 
 
3. Determination of Suspended Weight, S 
  
Determine the weight of each specimen to the after 
saturation and while suspended in liquid by using the 
density kit as shown picture 6. 
 
This is the S value. Record S 
 
 
 
 
 
 
 
 
 
 
 
 
Suspended specimen 
 
 
 
 
Picture 6: Weighting a suspended specimen 
 
4. Determination of Saturated weight, W 
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Dry the test specimens with a moist smooth linen to remove drops from the surface and determine W 
in air as indicated picture 2. This is W, Record W.  
 
5. Calculations: 
a. Exterior Volume, V 
 
The volume of the specimen is obtained by subtracting the suspended weight from the saturated 
weight in grams. (Assuming that the infiltrated liquid is water). 
 
 
 
  
b. Volume of open pores, Vp 
 
 
c. Apparent Porosity, P 
 
The apparent porosity expresses as a percentage the relationship of the volume of open pores in the 
test to its exterior volume. P is calculated as follow: 
 
  , (%) = [ −  ] ∗ 100 (3) Determination of the Bulk density, B 
 
The bulk density of the test specimen is the quotient of its dry weight divided by its exterior volume, 
V (see equation 1).  
 
 
8.4 Polycarbonate Glove Box 
 
 
 
The PC glove box must be used in the fume hood due to the discharge of nitrogen gas.  
 
Equipment and Materials 
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Equipment to be used inside the glove box include: 
• Bag of sealed caprolactam  
• Bag of sealed initiator (C1) 
• Bag of sealed activator (C20P) 
• Glass jars 
• Measuring scales 
• Aluminium foil to seal the glass jars 
• High temperature tape 
• Scissors 
• Spoon 
• Moisture absorbing silica beads 
• Digitech temperature and relative humidity (RH) data logger 
 
Additional resources required for the glove box include: 
• Nitrogen gas and piping 
• Tacky tape 
• Sheet of vacuum bag (size of the top of the glove box) 
 
Methodology 
1. Place all the necessary equipment into the glove box and ensure the glovebox in 
placed in the fume hood. 
2. Seal the top of the glove box by attaching tacky tape along the top edges and placing a 
sheet of vacuum bag on top. 
3. The lid is then latched into place, it is important to remember to place all necessary 
equipment inside the glove box prior to the nitrogen purge. Otherwise the process 
must restart 
4. To begin the nitrogen purge, turn on the nitrogen gas at the cylinder. The nitrogen 
outlet valve on the glovebox should be slightly open to allow nitrogen to discharge 
and with the humidity reader monitor the humidity inside the box. Once the humidity 
has dropped below 10% RH the purge is complete. 
5. Reduce the flow rate of the nitrogen gas and for the entire process the RH must remain 
below 10%. If the RH increases than the flow rate of the nitrogen gas must increase.  
6. Place hands through the glovebox gloves and dispense a handful of the silica beads 
into the glove box. The silica beads should remain blue for the process. If the beads 
transition to a pink colour it indicates that there is a significant amount of moisture 
inside the glove box and the system has been compromised. 
7. Using the measuring scale measure out the desired amount of CL and put it into the 
glass jar. The CL can be difficult to handle due to the crystals clumping together. If 
possible, break up the CL clumps while it is still in its bag using your hands. However, 
if the clumps remain too large than the spoon can be used to separate the crystals. 
8. Measure the desired amounts of C1 and C20P and place it into the glass jar with the 
CL. Similar clumping issues as the CL can arise with the C1.  
9. Once the CL, C1 and C20P are all in the jar the top must be sealed. With two layers of 
aluminium foil cover the top and wrap high temperature tape around the foil and 
ensuring all edges of the foil are well covered by the tape. As the mixture and the jar 
will be heated in the oven the regular lid for the jar cannot be used as it is only rated to 
120oC. The lid also needs to be easily pierced by the stainless steel piping. Thus, 
aluminium foil and high temperature tape is used. A disadvantage using foil is that it 
can easily tear and this must be taken into consideration when handling and storing the 
mixture.  
10. When all the necessary reactive mixture has been prepared, seal the CL, C1 and C20P 
at tightly as possible. Turn off the nitrogen gas and open the top of the glove box.  
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11. Promptly store the reactive mixture in a desiccator, as this will reduce the risk of 
exposure. The remaining CL, C1 and C20 needs to be vacuum sealed in the aluminium 
Mylar bags as soon as possible and then stored in the desiccator.  
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8.5 FTIR result - full band spectrum 
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8.6 FTIR result- 1700  to 1490 cm-1 spectrum  
 
